Soils formed from volcanic materials have a high potential for agricultural development, especially for horticultural crops, tea, and pine trees. Data on the characteristics of these soils are important for the management planning. Six representative soil profiles developed on andesitic volcanic ash and tuff in Lembang area, West Java were studied to determine the soil physical, chemical, and mineralogical properties, to study the relationship between the soil properties, and to classify the soils according to the Soil Taxonomy. The results indicated that all the soils had very deep (>150 cm) solum. In general, the volcanic ash soils were darker colored, more granular, more friable, less sticky and less plastic than the volcanic tuff soils. Physically, the ash soils had lower bulk density (0.44-0.73 mg m -3 ) and higher available water content (13-33%) than the tuff soils. Bulk density decreased with increasing allophane. Chemically, the ash soils had higher pH NaF (mostly > 10), higher organic carbon (4.3-6.8% in upper horizons), higher CEC (20-44 cmol c kg -1 ), and higher P retention (> 85%) than the tuff soils. P retention logarithmically increased with increasing oxalate extractable Al and allophane. The sand fractions of the ash soils were dominated by hornblende, while the tuff soils were predominantly composed of opaque minerals. In the clay fractions, the ash soils were dominated by allophane, whereas the tuff soils showed high contents of gibbsite and metahalloysite. Soils developed on volcanic ash were classified as Thaptic Hapludands and Typic Melanudands, while soils formed from volcanic tuff were classified as Andic Dystrudepts. The low bulk density and friable consistency of the soils contributed to favorable soil tilth. However, high P retention and Al saturation in most soils are limiting factors for plant growth. Application of P fertilizers and liming coupled with efficient placement can be recommended to enhance P availability and reduce Al toxicity. Organic matter can be used to reduce Al toxicity. Soil conservation needs to be considered, especially in the steep slope areas.
INTRODUCTION
The Indonesian archipelago is predominantly mountainous with some 400 volcanoes, 129 of which are active. Twenty-one of these volcanoes are located in West Java (Van Bemmelen 1970) . The activity of these volcanoes may produce various volcanoclastic materials such as ash, tuff, pumice, cinders, lahars, and other volcanic ejecta.
The beneficial effects of volcanic eruption are often more subtle, occurring on a geologic time-scale rather than during the lifetime of an individual. The development and rejuvenation of soils provide an environment favorable for organisms, including human beings. The periodic additions of volcanic ash renew the long-term fertility status by providing a source of nutrients from the rapid weathering of ash .
Soils formed from volcanic materials have many distinctive properties that are rarely found in soils derived from other parent materials (Wada 1986 ). These soils have high potentials for agricultural production. However, some of them produce well below their potential capacity due to lack of understanding of the nature and properties and proper management of these soils.
Soils developed on volcanic materials are generally classified as Andisols, but not all volcanic soils are Andisols, depending on the weathering and soil formation processes . Andisols have been characterized by high organic carbon content, low bulk density, high P retention, high CEC (Otawa 1986) , high pH NaF , and high oxalate extractable Al (Al o ) and Si (Si o ) content (Balsem and Buurman 1990) , and the presence of large amount of short-range-order minerals such as allophane (Mizota and Van Reeuwijk 1989) . In Indonesia, Andisols cover about 5.39 million ha or 2.9% of the Indonesia's total land area and 0.50 million ha of the soils are distributed in West Java (Subagyo et al. 2000) . In Lembang and the surrounding areas, West Java, they were classified as Thaptic Hapludands and Typic Melanudands covering about 1919 ha, while Andic Dystrudepts cover about 2743 ha (Pusat Penelitian Tanah dan Agroklimat 1993) .
Lembang is one of the most intensively cultivated areas for horticultural crops, tea and, pine trees in West Java. Agricultural practices carried out here were based on medium input farming with little attention of land conservation aspects and soil conditions. Based on geologic information and field observation, soils in this area were developed on different volcanic materials (ash and tuff) and ages. The distinctions of the parent materials may result in different characteristics of the soils. As a consequence, the productivity of the soils may also be different. Data on the soil properties in Lembang area, however, are still lacking. Thus, it is important to study these soils to provide more accurate information of their behavior and performance to support their management.
The objectives of this study were to (1) determine the physical, chemical, and mineralogical properties of soils developed on two types of volcanic materials (ash and tuff) from Lembang area, West Java, (2) study the relationship between the soil properties, and (3) classify the soils according to Soil Taxonomy (Soil Survey Staff 2006) .
MATERIALS AND METHODS

Description of the Study Area
The study area is located in the southwest slope of Mt. Tangkuban Perahu (2076 m asl) and Mt. Burangrang (2054 m asl). It is situated in the intensively cultivated vegetable growing areas and uncultivated or secondary forest areas of Lembang, about 10 km north of Bandung, West Java. Geographically, the area lies between 107º30'-107º40' east longitude and 6º45'-6º50' south latitude. Administratively, the study area belongs to the Districts of Lembang, Cisarua, and Cikalong Wetan, Bandung Regency, West Java. Locations of soil profile description are presented in Figure 1 .
The soil profiles are located in the nearly flat to hilly topography with slopes ranging from 2 to 30%. The elevation of the profiles is between 1000 and 1500 m asl. There were six soil profiles selected for this study, i.e., VA-1, VA-2, VA-3, VT-1, VT-2, and VT-3. The location of each profile was selected mainly based on the distinctive types and age of volcanic parent materials, slope, and land use. Major physical environment of the studied soils is shown in Table 1 .
Parent materials of profiles VA-1, VA-2 and VA-3 are andesitic volcanic ash that was originated from Mt. Tangkuban Perahu eruption during the early Quaternary activity (Holocene to Late Pleistocene). Volcanic ash is an unconsolidated pyroclastic deposit composed mainly of small particles with diameter between 1/16 to 2 mm. The other soil profiles (VT-1, VT-2 and VT-3), however, are derived from andesitic volcanic tuff materials originated from the currently non-active Mt. Burangrang eruption with volcanisms in the Upper Pliocene. Volcanic tuff is a consolidated rock.
The areas have a mean annual rainfall of 2401 mm and classified as A rainfall type (Schmidt and Ferguson 1951) meaning that they do not have any dry month, or B2 agroclimatic zone (Oldeman 1975) with 7 wet months (> 200 mm) and 2 dry months (< 100 mm). The wet period starts from October to May, with the wettest month reaching 307 mm of rainfall. It has an udic soil moisture regime. The mean annual air temperature is 20ºC. Some profiles located at 1000 m asl or less have an isohyperthermic soil temperature regime, while others located above 1200 m asl are isothermic. Most of the areas are cultivated with cauliflower, carrot, string bean, potato, tomato, and chile, while the forest areas are planted with pine trees.
Methods
The soil samples were collected from pedons developed on andesitic volcanic ash and tuff. Morphological characteristics of the pedons were described following the Soil Survey Manual (Soil Survey Division Staff 1993). Bulk soil samples were collected from each genetic horizon for chemical and mineralogical analysis. Undisturbed samples were also collected with cylindrical metal sampler for physical property analysis (bulk density and water retention).
Particle-size distribution was determined by a pipette method. Bulk density and water content at 33 and 1500 kPa were determined according to Soil Survey Laboratory Staff (1992) . Soil pH was measured with a glass electrode in soil/solution suspensions of 1:2.5 H 2 O and 1:50 1 M NaF. Organic carbon was determined according to the method of Walkley and Black. Exchangeable bases were extracted with 1 M NH 4 OAc at pH 7.0 and determined by atomic absorption spectrometry (AAS). Exchangeable Al was extracted with 1 M KCl. Available P was extracted with Bray-1 reagent. Phosphate retention was determined by the method of Blakemore et al. (1981) , and the CEC was by saturation with 1 M NH 4 OAc at pH 7.0. NH 4 + content was determined from the leachate of K 2 SO 4 by Auto Analyzer (Soil Survey Laboratory Staff 1992). Iron, Al, and Si were extracted by ammonium oxalate (Fe o , Al o , Si o ) and determined by AAS. The allophane content was estimated from selective dissolution extracts using the formula of Parfitt and Wilson (1985) .
Mineralogical composition of the total fine sand fractions (50-500 µm) was identified on a glass slide using a petrographic microscope. The minerals were then counted according to the line method. The mineralogy of clay fraction was determined using a Philips PW 3050/60 X-ray diffractor X'Pert PRO equipped with Ni filtered CuK α radiation generated at 40 kV and 30 mA. The samples were scanned from 3º to 40º 2θ at a scan speed of 1º 2θ/minute.
RESULTS AND DISCUSSION
Morphological Properties
All of the soils developed from andesitic volcanic ash and tuff materials had very deep solum (> 150 cm). Profiles VA-1 and VA-3 had a buried horizon (2Ab) due to repeated thin ashfall deposition or rejuvenation processes. The horizon sequences of the soils were characterized by A (umbric epipedon)/Bw/Ab/ Bwb (cambic) horizons. Profile VA-2, however, showed thick ashfall deposition, indicated by black or darker soil color (10YR 2/1 to 10YR 2/2) in almost all the soil horizons. The horizon sequences of the soil were characterized by A (melanic epipedon)/Bw (cambic) horizons.
The thick ash deposition in the profile VA-2 was related to the nearly flat topography. The presence of the buried thin ash layers and the thick ash deposi- Dam et al. (1993) tion in the volcanic ash soils was originated from the eruption of Mt. Tangkuban Perahu. In contrast, the volcanic tuff soils exhibited no buried horizon because the materials are influenced by the currently non-active Mt. Burangrang eruption. The soils were characterized by A (umbric)/Bw (cambic) horizon sequences.
The surface horizons of all the profiles generally had weak, fine to medium, granular structures, while the subsurface horizons were weak to moderate, fine to coarse, subangular blocky structures. The presence of organic matter may be responsible for the formation of granular structures. Moist consistencies of the surface horizons of all the profiles were friable to very friable, while the subsurface horizons generally showed variable consistencies ranging from friable to firm. Wet consistencies of the volcanic ash soils were generally non-sticky to slightly sticky and nonplastic and tend to be more sticky and plastic in the volcanic tuff soils, depending on the clay content.
The volcanic ash soils showed abrupt to smooth and clear to wavy horizon boundaries, reflecting very young soil development or rejuvenation processes. In the volcanic tuff soils, however, the boundaries were generally clear and smooth in the upper horizons and gradual to diffuse and smooth in the lower horizons, indicating a relatively older soil formation.
Physical Properties
General physical properties of the studied soils are shown in Table 2 . Profiles developed on volcanic ash were generally dominated by silt (35-40% in the A horizons and 47-61% in the B horizons), followed by clay and sand, while profiles formed from volcanic tuff are high in clay content (42-74%). The soil texture is related to the nature of the volcanic materials and the time of its eruption (Inoue and Yoshida 1981) .
The bulk density values of the volcanic ash soils were lower (0.44-0.73 mg m ). The high amount of organic matter and the presence of allophane minerals in the volcanic ash soils may contribute to the low bulk density. As shown in Figure 2A and 2B, the bulk density of the studied soils decreased with increasing organic carbon (R 2 = 0.31, p < 0.01) and allophane (R 2 = 0.64, p < 0.01), respectively. Soils with high organic matter tend to have better aggregates and porous structures (Brady and Weil 2000) . The development of porous soil structure is the primary factor responsible for the low bulk density . Allophane is one of the most important non-crystalline materials contributing to the low bulk density of Andisols through the development of porous soil structure . The available water percentages were higher in the volcanic ash soils (13-33%) compared to the volcanic tuff soils (7-14%). The high available water in the ash soils is related to large amounts of organic matter and allophane. Available water content increased with decreasing bulk density (R 2 = 0.42, p < 0.01) (Fig.  2C ) and increased with increasing allophane content (R 2 = 0.52, p < 0.01) (Fig. 2D) . The high available water in volcanic ash soils is primarily due to their large volume of mesopores and micropores . These pores are produced within the stable soil aggregates. Formation of these aggregates is greatly enhanced by allophane and soil organic matter. Organic matter has a direct effect on available water through its hydrophilic characteristics and indirect effects on structure (Shoji and Ono 1978) .
The uncultivated (secondary forest) soils as represented by profiles VA-3 and VT-3 tend to have lower bulk density and higher total porosity values than cultivated soils (Table 2) . This is because they have a larger and higher amount of roots and organic matter than the cultivated soils. The presence of roots and organic matter play an important role on soil aggregation. Other physical properties of cultivated and uncultivated soils are similar. 
Chemical Properties and Selective Dissolution Analysis
General chemical properties of the studied soils are presented in Table 3 . Except profile VA-2, most of the volcanic ash soils showed acid soil reaction (pH H2O 4.7 to 5.2). The pH H2O of the volcanic tuff soils ranged from 3.9 to 4.8 (very acid to acid) in the surface horizons and from 4.6 to 5.2 (acid) in the subsurface horizons. Profile VA-2 and A horizon of profile VT-1 had higher soil acidity than the other soil profiles. This is because they have a high amount of exchangeable Al. The extractable Al can enter the soil solution and it reacts with water to form hydroxy Al compounds and free hydrogen ions that can make the soil acidic (Sopher and Baird 1982) . Profiles developed on volcanic ash had higher values of pH NaF than those derived from volcanic tuff. pH NaF values range from 9 to 11 in the ash soils and 8 to 9 in the tuff soils. High pH NaF values in the volcanic ash soils indicated the presence of active hydroxy-Al and/or Fe (Shoji and Ono 1978; Mizota and Wada 1980; Shoji et al. 1985) . High pH NaF values also associated with the presence of allophane. As shown in Figure 3A , pH NaF increases with increasing allophane content (R 2 = 0.80, p < 0.01). The volcanic ash soils tend to have high organic N and C, however N application among the local farmers is usually high for vegetable crops. The N fertilizer used for the crops generally ranges from 62 to 101 kg ha -1 ). The volcanic ash soils had higher organic carbon content (4.3-6.8% in A horizon and 1.7-4.7% in B horizons) than the volcanic tuff soils (1.5-3.9% in A horizon and 0.6-2.1% in B horizons). The volcanic ash soils also showed higher C/N ratios (9-14) than the volcanic tuff soils (6-12), suggesting a lower organic matter decomposition level of the volcanic ash soils (National Soil Survey Center 1995).
All the studied soils had a wide variation in base saturation. High levels of base saturation were found in profile VT-2 and subsurface horizons of profiles VA-1 and VT-1, with mean of about 38-41%, 28% and 39%, respectively. The other soil profiles (VA-2, VA-3 and VT-3) showed low base saturation levels, with mean of less than 14%. The high base saturation values correspond with the amounts of basic cations, especially Ca content. Base saturation is also related to soil acidity. Figure 3B shows the relationship between base saturation and pH H2O . Base saturation values increased with increasing pH H2O in the volcanic tuff soils. In general, however, the volcanic ash soils seemed to have higher CEC than the volcanic tuff soils. High CEC values may be related to the soil texture, clay mineralogical composition, and accumulation of organic matter (Shoji et al. 1982) . The CEC (pH 7) values of the studied soils increased with increasing organic carbon content (R 2 = 0.39, p < 0.01) (Fig. 3C ) and allophane content (R 2 = 0.23, p < 0.01) (Fig. 3D) . Humus, as well as non-crystalline clay materials contributed substantially to the total CEC of the soils (Utami 1998). Nanzyo et al. (1993b) mentioned that the main components contributing to the variable charge in Andisols are allophanic clays and humus. These soil colloids have negative charge sites originating from SiO -of allophane clays and -COO -of humus. Humification produces an organic colloid of high specific surface and high CEC. Organic matter can make a substantial contribution to the CEC of the whole soil, and hence to the retention of exchangeable cations, especially in soils with low clay content (White 1987) .
All horizons of the profiles developed on volcanic ash had phosphate retention values ranging from 89 to 99%. The values were higher compared to the soils derived from volcanic tuff (59-85%). The high P retention values of the volcanic ash soils may be related to the contents of active Al (Al o ) and allophane. As shown in Figure 3E and 3F, retention logarithmically increased with increasing Al o (R 2 = 0.74) and allophane content (R 2 = 0.60), respectively. The active Al in allophane, and Al-humus complexes is highly reactive with anion such as phosphate. The capacity of soil material to retain large amounts of phosphate is also due to the very high specific surface of the amorphous minerals (Van Wambeke 1992).
Mineralogical Properties
The sand fractions of the volcanic ash soils were dominated by hornblende, ranging from 20 to 50%. The volcanic tuff soils, however, were predominantly composed of opaque minerals or iron oxides, ranging from 30 to 80%. Feldspar was present in minor to moderate amount in the volcanic ash soils, while only traces in the volcanic tuff soils. Quartz, cristobalite, and tridymite were generally found in trace to minor amount in both parent materials. Rock fragments, augite, hypersthene, and volcanic glass were only observed in low amount (less than 15%) in most horizons of the volcanic ash soils. Lesser amount was observed in the volcanic tuff soils. In the clay fractions, the volcanic ash soils were dominated by allophane, ranging from 20 to 40%, while the volcanic tuff soils were predominantly composed of metahalloysite and gibbsite. Cristobalite (0.404-0.410 nm) was present in varying amount in the volcanic ash soils and trace to minor amount in the volcanic tuff soils. Quartz (0.335 nm) and magnetite (0.254 nm) were only observed in trace amount in both parent materials. This means that all the studied soils are still young or have low stages of weathering. However, the presence of halloysite and gibbsite in the tuff soils indicates that those soils are older than the ash soils.
Soil Classification
Classification of the studied soils according to Soil Taxonomy (Soil Survey Staff 2006) is given in Table 4 . In general, the volcanic ash soils were classified as Andisols because they have strong andic soil properties (bulk density < 0.9 mg m -3 , Al o +1/2 Fe o > 2%, and P retention > 85%) within 60 cm of the mineral soil surface, while the volcanic tuff soils were classified as Inceptisols because of the presence of a cambic horizon and weak andic soil properties.
At family level, soils on volcanic ash were classified as fine-loamy, amorphic, isothermic, Thaptic Hapludands and Typic Melanudands due to the presence of a buried organic-rich horizon and thick organic-rich horizons (melanic epipedon), respectively, low clay content, high amounts of allophane, and low soil temperature or located at high elevation. Soils derived from volcanic tuff, however, were classified as fine to very fine, halloysitic to gibbsitic, isohyperthermic, Andic Dystrudepts due to low base saturation, weak andic properties, high clay content, high amounts of halloysite and gibbsite minerals, and moderate soil temperature or located at medium elevation.
Soil Management Implication
The presence of large amount of organic matter and allophane in the volcanic ash soils is responsible in formation of large pore space in the soils because soils with high organic matter content tend to be well aggregated and consequently have better porosity. These properties provide a condusive soil environment for deeper rooting activity and therefore supply more nutrients and water for vigorous plant growth ). In addition, low bulk density and friable consistency contribute to more favorable soil tilth leading to easy tillage, seedling emergence, and root development. Aggregates of the volcanic ash soils are highly stable, being cemented by noncrystalline materials and soil organic matter. Stable aggregate and high porosity of soils could minimize water erosion. These properties significantly contribute to maintaining the high productivity of the volcanic ash soils.
Soil acidity problems are associated with pH level of < 5.5 and the high concentration of exchangeable Al in the soils. Percent Al saturation is also a useful measurement of soil acidity (Sanchez 1976) . Profiles VA-2, VT-1, and VT-3 had the highest values of exchangeable Al (up to 5 cmol c kg -1 ) and Al saturation (> 70%) among the soil profile studied. This was observed in the soil horizons, which had a pH H2O value of < 5.0. This is because exchangeable Al is precipitated at pH of about 5.5-6.0 (Sanchez 1976 ). Thus, little or no exchangeable Al is found at higher soil pH values. Al toxicity may cause soil infertility in profiles VA-2, VT-1, and VT-3. Al toxicity can be corrected by liming to pH > 5.5 to precipitate the exchangeable Al as aluminum hydroxide (Sanchez 1976) . Alternatively, organic matter addition can reduce Al toxicity by binding the Al ions in organic matter complexes (Brady and Weil 2000) .
Phosphorus is commonly the growth-limiting nutrient element in the volcanic material-derived soils in a natural ecosystem because its supply is strongly adsorbed by allophane and hydrated iron and Al oxides (amorphous colloids) making it sparingly available for plant uptake (Parfitt 1989; Shoji et al. 1993b) . In this study, although the surface horizons of cultivated soils had a high phosphate retention, the available P of the horizons was relatively high. The high values of available P in the surface horizons may be due to the residue of applied fertilizers as indicated by relatively low available P in the surface horizons of soils under forest compared to the cultivated soils. It means that naturally, the element supply is low. To enhance P fertility, heavy application of P fertilizers coupled with efficient placement (band or hill application) is recommended.
CONCLUSION
Soils developed on volcanic ash in the Lembang area had low stickiness and bulk density, high pore spaces, available water, pH NaF , organic carbon, CEC, P retention, and highly friable consistency. The soils were dominated by hornblende and allophane minerals, and classified as Thaptic Hapludands and Typic Melanudands.
Compared with the volcanic ash soils, all soils derived from volcanic tuff showed different physicalchemical, and mineralogical properties. They were composed of opaque minerals or iron oxides, gibbsite and metahalloysite, and classified as Andic Dystrudepts.
The presence of allophane or amorphic minerals in the soils developed on volcanic materials had influenced soil bulk density values, available water contents, pH NaF , CEC, and P retention. The lower bulk density and more friable consistency of the volcanic ash soils than those of the volcanic tuff soils suggest that the volcanic ash soils have a more favorable soil tilth. However, high P retention of all the soils and high Al saturation of profiles VA-2, VT-1, and VT-3 are limiting factors for plant growth. Thus, liming and or organic matter application for the profiles VA-2, VT-1 and VT-3, and band or hill P fertilizer application for both ash and tuff soils are recommended.
